Micro-CT scanners can generate large high-resolution three-dimensional (3D) digital images of small-animal organs, such as rat hearts. Such images enable studies of basic physiologic questions on coronary branching geometry and uid transport. Performing such an analysis requires three steps: (1) extract the arterial tree from the image; (2) compute quantitative geometric data from the extracted tree; and (3) perform a numerical analysis of the computed data. Because a typical coronary arterial tree consists of hundreds of branches and many generations, it is impractical to perform such an integrated study manually. An automatic method exists for performing step (1), extracting the tree, but little e ort has been made on the other two steps. We propose an environment for performing a complete study. Quantitative measures for arterial-lumen cross-sectional area, inter-branch segment length, branch surface area and others at the generation, inter-branch, and intra-branch levels are computed. A human user can then work with the quantitative data in an interactive visualization system. The system provides various forms of viewing and permits interactive tree editing for "on the y" correction of the quantitative data. We illustrate the methodology for 3D micro-CT rat heart images. ?
Introduction
Modern micro-CT scanners can produce very large three-dimensional (3D) digital images of vascular trees [1] [2] [3] [4] . A typical tree consists of hundreds of branches and many generations. The spatial resolution of 3D micro-CT images is ÿne enough to permit detailed real studies of basic physiologic questions on the entire coronary arterial tree, from aorta to terminal arterioles. For example, previously proposed mathematical laws governing the branching geometry and uid transport mechanisms of the coronary arterial tree can be studied [5 -10] . 3D micro-CT images of hearts from rats can now be conceivably undertaken. Performing a study requires three steps:
(1) Extract the arterial tree from the image. (2) Compute quantitative data from the extracted tree. (3) Do a numerical analysis of the computed tree geometry.
The segmentation, visualization, and analysis of a complete tree is a major logistics problem. In fact, most previously completed studies focused either on extracting one complete principal pathway through a tree or analyzed traced branch segments [2, 11, 12] . These studies used painstaking manual image analysis for the extraction. It is unclear, however, that such analyses fairly represents the structure and function of the entire tree. The complexity and sheer size of a tree makes it impractical to use purely manual image analysis for extracting an entire tree.
A recent e ort proposed an approach for extracting the entire tree automatically [4] . This e ort, however, does not consider the subsequent quantitative and numerical analyses (steps 2-3 above). We propose an environment for performing these analyses. A set of quantitative measures are computed from the extracted tree data. These measures form part of a tree representation scheme for subsequent analysis. A graphical user interface (GUI) system enables the user to interact with the representation. The interactive system provides an intuitive means for understanding the detailed statistical structure of the tree. The results show that multi-generational analysis of large branching trees is feasible, but, for the domain of micro-CT imaging, further work is needed in improving the data and in building more complete analysis methods.
Specimen preparation and image processing
This section overviews the procedures for specimen preparation, micro-CT scanning, and subsequent tree extraction (Step 1). All of these aspects of the experimental methods have been described in greater detail elsewhere [2, 4] .
Specimen preparation
Sprague Dawley rats were used for this study. The rats were anesthetized by an intra-peritoneal injection of 35 mg=kg pentobarbital sodium and the aorta canulated. Next, the rats were euthanized by a 20 mEq intravenous injection of KCI solution. Heparinized saline (5000 units=100 cm 3 ) and a vasodilator (Lidocaine, 1 mg=kg) were used to ush the vascular system, followed by infusion of microÿl (a silicon polymer containing lead chromate) at 100 mm Hg pressure using a Harvard pump. As soon as the microÿl entered both venaecava and pulmonary artery, the pulmonary artery and aorta were clamped and the infusion was stopped. During the 20 min it took the microÿl to polymerize, the intravascular pressure dropped, generally to about 60 mm Hg. Next, the hearts were dissected free and immersed in 10% formalin for 3 days following which they were progressively dehydrated with increasing concentrations of glycerol. Finally, each specimen was embedded in a closely ÿtting cylindrical container ÿlled with bioplastic. Occasionally, the microÿl in the vascular lumen contains gas bubbles or is kept from fully ÿlling a vessel lumen by a thrombus that was not fully ushed out. In addition PbO 4 contained in the microÿl can segregate into clumps.
Micro-CT scanner
A prepared specimen was placed on top of a computer-controlled rotation stage in the micro-CT scanner. The scanner is described in detail by Jorgensen et al. [2] . We describe here only the details directly relevant to this study. In brief, it consists of a spectroscopy X-ray source that generates X-ray photons of a nominal 18 keV energy. The X-rays transmitted through the specimen expose a crystalline plate of cesium iodide, doped with thallium, which converts the X-ray image to a light image. This image is focused onto a CCD detector array (1024 × 1024 square pixels, each 20:8 m on a side) with a microscope objective operated at 1 : 1 or 1 : 4 magniÿcations. The specimen is rotated in 0:5
• steps around 360
• about its vertical axis in between each X-ray exposure. The recorded X-ray projection gray scale was then converted to logarithmic values and a modiÿed Feldkamp cone beam tomographic reconstruction performed. The resulting 3D image has cubic voxels; i.e., the real sample spacing is equal along all three Cartesian axes x, y, and z: x= y= z = . Each voxel has 16 bits of gray-scale information. Quantum wobble results in gray-scale noise and occasional "cosmic rays" cause localized bright spots in random locations. Fig. 1 shows an example image.
Tree extraction
After obtaining a 3D micro-CT rat heart image, we apply an image processing procedure that extracts the vascular tree and generates a skeleton representation; see include:
(1) 3D sigma ÿltering, to suppress noise while preserving thin structures [13] , (2) 3D symmetric region growing segmentation, to extract the desired raw tree [14] , (3) 3D cavity deletion, to ÿll possible 3D holes inside the tree branches and produce a solid tree. (4) 3D thinning, to deÿne the skeleton of the tree while preserving homotopy [15] , (5) tree representation, to convert the image-form tree skeleton data into a compact graph-like data structure [16] , (6) root identiÿcation, to help put the tree's branching geometry in proper hierarchical order. (7) pruning, to remove unwanted branches or extraneous trees.
The main tree root (not used until step 6) is speciÿed interactively before the procedure is begun. All subsequent processing is fully automatic and 3D. 3D sigma ÿltering removes high-frequency noise and preserves thin structures. After 3D symmetric region-growing segmentation and 3D cavity deletion, a raw segmented tree exists. 3D thinning produces an approximate central-axes representation of the tree. The tree representation step converts the image-form of the skeleton into a much more compact data structure. The data structure captures the complete axial structure of the tree branches. It also includes mother=child=sibling relationships for the tree branches. The user manually speciÿes the root of the tree for root identiÿcation. Given the root, the tree representation is reorganized to give the complete correct tree hierarchy. The raw tree tends to have some extraneous noise branches; the ÿnal pruning step removes these extraneous branches. Ref. [4] describes the procedure fully.
The ÿnal outputs of the procedure are the segmented arterial tree and the tree representation. Fig.  3 depicts example results for the procedure. The procedure has been validated for a number of micro-CT images and compared to manually deÿned ground truth data [4] . A limitation of these results, however, is that, for a given 3D image, validation could only be done for one complete branch. This is because it was not feasible to deÿne more than one complete branch manually.
(Phantom results, however, did consider a whole tree [4] , but these were done under idealized ), was generated with the following parameters: G min = 40; G seed min = 90; G seed max = Gmax = 255; G tolerance = 10; G size min = 100; G size seed = 10; G connectivity = 26 [4] . Part (c) shows a surface-rendered view of the segmentation; it was made using the interactive system discussed in Section 3. The skeleton (d) shows the complete set of extracted central axes.
conditions.) While these results give considerable conÿdence that the method gives useful "raw" results, it does not provide insight into the e cacy of subsequent multi-generational analysis of the entire tree. It is our purpose now to address this issue.
Quantitation and visualization of multi-generational analyses
The segmented arterial tree and its associated skeletal structure are used to compute a series of measures that quantify the structure of the tree. This section describes the quantitative measures computed for a tree (Section 3.1) and the proposed interactive tool for working with the quantitative data (Section 3.2).
Quantitation
Many measurements can be made on the extracted tree data to quantitate its inherent geometrical information. Before proceeding, we ÿrst make a few deÿnitions. A branch is deÿned as a section of an artery terminated by either (1) an endpoint and a bifurcation point or by (2) two sequential bifurcation points. The tree begins with the root branch, which is denoted as generation 0. The root branch bifurcates to form two daughter branches at generation 1, etc. All of these deÿnitions are made relative to the skeletal structure. See Fig. 4 for an example. Now, consider the following general mathematical quantities: We approximate each tree branch b j 's central axis by a set of connected line segments. The line segments are computed by minimizing the di erence between the original vasculature and curve-ÿtted segments, as described elsewhere [17, 18] . The line segments in turn are represented as a series of 3D discrete sites, k =1; 2; : : : ; N c (j); that are one voxel apart. Thus, adjacent sites can be a Euclidean distance 1, √ 2, or √ 3 apart. A 2D cross-section c j; k , consisting of voxels in the segmented tree, is deÿned perpendicular to each branch site k. Next, a series of measurements is made for each branch, as listed below: Note that a branch cross-section is ill-deÿned at a bifurcation, because of the nature of a branching tree's geometry near a bifurcation. Thus, we do not use CSA measures for cross-sections adjacent to bifurcation points. The average CSA of a cross-section in branch b j is given by
The CSA values along branches are employed to give measures of intra-or inter-generation data on surface areas, volumes, surface variations, and other measurements [19] . To compute the surface area of a branch b j , we ÿrst assume that each cross-section c j; k having CSA A(c j; k ) approximates a circular disk. Since a circular disk has area r 2 , then, letting A(c j; k ) ≈ r 2 j; k gives r j; k = A(c j; k )= : The surface area contribution of cross-section c j; k then is 2 r j; k =2
A(c j; k ): Thus, the total surface area of branch b j is given by
where k gives the distance between sites k − 1 and
. Eq. (2) assumes that a branch can be approximated as contiguous series of thin "cylinders" (each cross-section c j; k contributes a cylindrical disk of thickness k ). Similarly, the volume of a branch b j is given by the sum of CSAs of b j 's cross-sections weighted by the cross-section spacing:
Given the quantities above, we calculate the following average measurements over all branches in generation i: Average length of branches in generation g i :
Average CSA of a cross-section in a generation g i branch:
; Similar to A (g i ):
but it does not weigh in terms of branch length
Average distance of a generation g i branch from the root:
Average surface area of a branch in g i :
Average volume of a branch in g i :
are also calculated. (Without loss of generality, we assume branches of interest for each generation have consecutive IDs.) The volume loss as one traverses a tree is given by
where D d1 and D d2 are the lumen diameters of the daughter branches for a mother branch having diameter D m . If all considered branches have circular cross-sections, then the volume of blood available from the mother is proportional to 
Finally, we also calculate the branching angles between each pair of connected branches. The branching angles of both daughter branches of a mother can be obtained by calculating the enclosing angles between the line segments of the two daughters. This angle Â is given by Eq. (6), wherẽ a represents the vector of the segment that approximates the beginning (where the daughter emits from its mother branch) of daughter branch #1 andb is the vector of the segment that approximates the beginning of daughter branch #2.
Interactive system
The quantitative data extracted from a typical 3D micro-CT is too overwhelming to use productively without some form of interactive aide. To facilitate interaction with the extracted vasculature and calculated geometrical information, we have designed a visualization system designed for interacting with large micro-CT images depicting tree-like structures. We implemented the system in (Fig. 6) . While a projection can give a misleading impression of the true 3D geometry of the tree, it does give a useful 2D rendition of the complete data set [18] .
The primary interactive tool in the system is the 3D tree tool. It provides a multi-mode facility for visualizing the extracted tree in 3D and for viewing and correcting the precomputed quantitative data. Figs. 7 and 8 give examples of using this tool. To begin, the segmented image, skeleton representation, and all quantitative data are ÿrst loaded. A standard surface-polygon calculation is then done on the segmented data and on the extracted skeleton to generate a representation suitable for rapid interactive surface rendering [21] .
At this point, a main interactive window pops up that shows four sub-windows (Fig. 7) . In the upper left is the rendering sub-window, where surface rendering and further viewing interactions happen. The lower left sub-window shows text logs when the user interacts with the rendering sub-window. The upper right sub-window controls the viewing e ects. The user may adjust the colors, illumination, opacity, thickness, and interaction mode of the objects in the rendering sub-window. In the lower right is the editing sub-window.
There are two operation modes for the 3D tree tool: VTK mode and manual mode. In VTK mode, the left-mouse button is used to rotate the scene. How the scene is rotated depends on where the mouse tip is located. The right-mouse button is used to zoom in and out of the scene. If the location of the mouse tip is in the upper portion of the rendering sub-window when the user clicks on the right-mouse button, then the scene is scaled up; otherwise, if the mouse tip is in the lower portion when the user clicks the rendering sub-window, the scene is scaled down. These are standard graphics interactions, per the VTK package [21] .
On the other hand, if the tool is in manual mode, the right-mouse button is disabled, while the left-mouse button is used to "pick" a point on the branching structure in the rendering sub-window. When the user is in the manual mode and clicks on a valid location of the vasculature, the corresponding geometrical and statistical information will appear in the middle of the editing sub-window in real time. It also allows the user to prune branches from the existing vasculature and automatically update the statistical and geometrical information immediately in the text window. This enables manual "on-the-y" correction of automatically computed results. Fig. 8 shows an editing example where the user interactively pruned a branch and its descendants. The displayed tree is then updated, as are all calculations pertinent to this new form of the tree. Note that this "recalculation" is very quick, as all computations had already been done; branch pruning merely involves deleting certain branches from the precomputed representation and updating the a ected generations. 
Results
Figs. 9 -11 illustrates the raw quantitative information extracted for a typical micro-CT rat heart image. The ÿnal computed quantitative data consists of information present at three hierarchical levels:
• Generation level: an overall statistical summary of the characteristics of each generation.
• Inter-branch level: an overall summary of each branch.
• Intra-branch level: a detailed description of the data for each branch.
The presented example gives an impression of the nature and exhaustiveness of the information computed. Per Fig. 9 , generation g i = 2 has four branches and its average branch length L (g i ) = 639:6 m, etc. (Note that we use 10 m as a measurement unit in the tables.) By observation from the generation-level information, we can begin to grasp an overall understanding of the vasculature's properties. Fig. 10 gives a complete breakdown of the average properties of every individual extracted branch in the tree. Finally, Fig. 11 gives an excerpted breakdown of all acquired data for a particular branch. In our experience, these data tend to be too detailed for interactive study, but they are an essential data element necessary for computing the average branch-level and generation-level information.
While much useful information exists in these analysis, Fig. 9 points out problems in the analysis. At generation 3, we would expect there to be eight branches, instead of six. Also, subsequent generations indicate similar inconsistencies on the number of branches per generation. Generations consisting of the smallest branches appear to have many missing branches. Data imperfections, such as partial-volume artifacts, point-spread function blurring, and specimen preparation, contribute to these inconsistencies. Regarding specimen preparation, bubbles arising from air or imperfect penetration of the contrast agent) can "break" branches and alter the overall computed tree geometry. Also, poor contrast ÿlling of small distal vessels will cause many vessels not to appear. Further work in improving specimen preparation, scan quality, and computer processing will ameliorate these factors. Yet, much useful data can be gleaned from the current analysis procedure. To illustrate, results are presented for a hypothesized relationship between the arterial inter-branch segmental length and diameter [6] :
where D is the diameter of an arterial, inter-branch segment of length L and c and b are constants. Quantities D and L are as deÿned in Section 3.1, but with the branch ID b j suppressed for brevity. Eq. (7) has no obvious physiological basis other than it has been shown to occur. Fig. 12 is a plot of b as it varies along an artery's length from the aortic origin to the smallest vessel analyzed, which, in our case, is less than 50 m in diameter (two voxels). Note that the variation between the branches of the same branching order remains essentially unchanged along the length of the vessel. We again caution that data imperfections could result in missing or corrupted branches that could adversely a ect these analyses.
Discussion
The proposed methodology has enabled us to validate both the method of Ref. [4] and the quantitative analyses of this paper. Our current implementation employs line segments to approximate branches and to calculate cross-sectional areas. Further research will be on smoothed branch approximations to obtain more robust quantitative analysis results. A database housing approach would be beneÿcial to help archive and retrieve the overwhelming amount of generated analyses results. The incorporation of various charting methods may also help visualize the quantitative data in di erent aspects.
While the quantitative results support the arguments in Refs. [22] [23] [24] [25] , considerable work is needed in understanding whether imperfections are attributable to data collection and analysis, "noise" (heterogeneity) in the branching structure [22] , or to uid-dynamic consequences of the branching structure. It is important to realize that our methods have only been deÿnitively validated for one complete branch. While our results to date for performing a true exhaustive multi-generational analysis are encouraging, we do know that the aforementioned imperfections can cause either small missing branches, breaks in branches, or loops (which are not physiologically plausible). These imperfections can cause certain branches to be missed and to result in an incorrect branch ordering. Deÿnitive multi-generational ground-truth data under real scanning circumstances is needed to understand the impact of incorrect ordering. An important task to do to address this issue is to expand the visualization tools, so that manual or semi-automatic visual editing methods are introduced to correct missing branches, breaks, and loops.
Summary
Modern micro-CT scanners can produce large high-resolution three-dimensional (3D) digital images of vascular trees. A typical tree consists of hundreds of branches and many generations. The spatial resolution of 3D micro-CT images is ÿne enough to permit detailed real studies of basic physiologic questions on the coronary arterial tree. Performing a study requires three steps: (1) extract the arterial from the image; (2) compute quantitative data from the extracted tree; and (3) perform a numerical analysis of the computed data. Because of the complexity of the coronary arterial tree, it is impractical to perform such an integrated study manually. An automatic method exists for performing step (1), extracting the tree, but no e ort has been made on the other two steps.
We propose an environment for performing a complete study. A set of quantitative statistical measures are discussed. Information on cross-sectional area, branch length, branch surface area and other measures at the generation, inter-branch, and intra-branch levels are computed. A human user can then work with the quantitative data in an interactive visualization system. The system provides various forms of 2D and 3D viewing, such as multiplanar reformatted slices, projection images, and surface renderings. It also permits interactive tree editing for modifying the extracted tree and correct the computed quantitative data.
Results are given that illustrate the three levels of quantitative data computed. Also, the methodology is applied to testing the validity of a hypothesized physiologic law for the arterial tree.
